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Fullerenes and cubane (C8H8) can be arranged to form heteromolecular crystals that exhibit interest-
ing crystal phases. Experimental measurements indicate a rotor-stator phase for C60-cubane crystals
in which the C60 molecules rotate freely whereas cubane molecules are essentially static. A simi-
lar phase is found for C70-cubane crystals but, due to C70’s asymmetry, hindered rotations can be
observed in specific crystal phases. Details of the rotational dynamics of the fullerenes in these het-
eromolecular crystals are difficult to be completely assessed by experiments. To this end, we have
performed classical molecular dynamics simulations of C70-cubane crystals to investigate the behav-
ior of C70 fullerenes and cubanes in the face-centered cubic and body-centered tetragonal crystallo-
graphic phases. Our simulations show that, in the cubic phase, C70 molecules are allowed to freely
rotate whereas cubanes act as molecular bearings. In the tetragonal phase, the cubane molecules
also remain practically fixed and the rotation of C70 fullerenes becomes hindered. In this phase,
C70 molecules rotate around the fivefold axis, which in turn precesses about the c crystallographic
direction of the unit cell. Details regarding the dynamics (e.g., energy barriers, reorientational re-
laxation processes, and phonon-libration coupling) of the C70 molecules in both crystal phases are
discussed. In general, our results agree with previous experimental findings for C70-cubane crystals.
© 2011 American Institute of Physics. [doi:10.1063/1.3671948]
I. INTRODUCTION
Fullerenes are cage molecules formed exclusively by car-
bon atoms. They were discovered by Kroto et al.,1 who ob-
tained small carbon clusters as a result of the laser-induced
evaporation of graphite. C60, the fullerene found in greater
quantities,1 consists of five and six-membered rings arranged
in the shape of a soccer ball. There are also many other
fullerenes, such as C70, C76, and C84, which are progressively
more elongated than C60.
Another highly symmetric molecule is cubane (C8H8),2
whose carbon atoms are arranged in a cubic structure and
connected to one hydrogen atom each. In 1997, Yildirim
et al.3 suggested the synthesis of fullerene-cubane intercala-
tion compounds. This was first accomplished eight years later
by Pekker et al.,4 who obtained C60-cubane and C70-cubane
crystals. Furthermore, crystals of the same family contain-
ing higher fullerenes and 1,4 disubstituted cubane derivatives
were successfully synthesized later.5
At room temperature, C60-cubane crystals exhibit a phase
where freely rotating C60 molecules are arranged into a face-
centered cubic (fcc) sublattice, whereas cubanes occupy the
octahedral voids in the structure.4 The orientationally or-
dered cubane molecules are mainly static, presenting only
librational motions, and act as molecular bearings for the
fullerenes. This phase is known as the rotor-stator phase.4
Upon cooling, C60-cubane undergoes a phase transition and,
a)Author to whom correspondence should be addressed. FAX: +55-19-
21133364. Electronic mail: vitor@ft.unicamp.br.
as a result, both cubane and C60 molecules become orienta-
tionally ordered.4 At high temperatures, polymerized phases
with amorphous structure appear.4
Similar to C60-cubane crystals, C70-cubane polymerizes
at high temperatures, possesses a fcc rotor-stator phase be-
tween 390 and 470 K, and is orientationally ordered at low
temperatures.4 Furthermore, below 390 K and above 150 K,
there is a new rotor-stator phase, in which the C70 molecules
are arranged in a body-centered tetragonal sublattice. In the
tetragonal phase, the rotation of C70 becomes restricted: C70
rotates around the C5 molecular symmetry axis while this axis
precesses with a full opening angle of 40 ◦ about the c direc-
tion of the unit cell.4
Details regarding fullerene-cubane structural features are
abundant in the literature. For instance, x-ray diffraction re-
sults showed details about the dependence of C60-cubane
and C70-cubane structures upon temperature,6, 7 along with
the thermodynamics of the phase transitions.7 Other experi-
mental studies reported the high-temperature polymerization
processes8, 9 and the behavior of fullerene-cubane crystals un-
der pressure.10–12
Computational studies have also been performed for
C60-cubane crystals and have provided useful insights to
the interpretation of the experimental observations.13–16 In
our previous work,13 we have investigated the dynamics of
C60-cubane cubic crystal using classical molecular dynam-
ics (MD) and studied the high-temperature polymerization
process and electronic properties using tight-binding reactive
MD. In this work, we extend upon these studies by carrying
out MD simulations of C70-cubane crystals to characterize
0021-9606/2011/135(24)/244510/9/$30.00 © 2011 American Institute of Physics135, 244510-1
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the reorientational ordering and dynamics of C70 fullerenes
and cubane molecules in the cubic and tetragonal rotor-stator
phases of the crystal. Our goal is to investigate the effects of
the crystalline packing and fullerene shape asymmetry on the
dynamics of C70- versus C60-cubane crystals.
II. METHODOLOGY
We have performed classical MD simulations to study
C70-cubane crystals in the cubic and tetragonal phases, fol-
lowing the procedure described previously.13 All simulations
and calculations were performed with NAMD (Ref. 17) us-
ing CHARMM parameters.18 This force field represents pair-
wise interactions between atoms using a potential comprised
of bonded and non-bonded terms:
Vtotal = Vbonded + Vnon−bonded . (1)
The bonded part of the potential corresponds to the in-
tramolecular interactions. Its general functional form consists
of bond stretching, angle deformation, dihedral torsion, im-
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where kb, kθ , kφ , kω, and ku are the bond, angle, dihedral, im-
proper, and Urey-Bradley force constants, b and b0 are the
bond stretch and equilibrium bond length, θ and θ0 are the
bond angle and equilibrium bond angle, n is the function mul-
tiplicity, φ is the dihedral angle, δ is the phase shift, ω and ω0
are the improper and equilibrium improper angle, and u and
u0 are the Urey-Bradley and equilibrium Urey-Bradley 1,3-
distances.
Furthermore, the van der Waals and Coulombic inter-
molecular interactions are described through the non-bonded
part of the potential using Lennard-Jones and electrostatic pa-
rameters, respectively:18





















where rij is the distance between atoms i and j, εij is the depth
of the potential well, σ ij is the interatomic distance for which
the Lennard-Jones energy equals zero, qi and qj are the partial
charges associated with atoms i and j, and ε0 is the vacuum
permittivity. The complete set of parameters used in our sim-
ulations is presented as supplementary material.19
For both phases, we used supercells consisting of 108
C70 and 108 cubane molecules, i.e., 3 × 3 × 3 unit cells.
We have also carried out test simulations with 4×4×4 super-
cells and found no significant changes in the computed prop-
erties. These supercells were geometrically optimized using
conjugate gradient techniques,17 yielding a lattice parameter
of 15.73 Å in the cubic phase (2.3% larger than the experi-
mental value of 15.38 Å) (Ref. 4) and a = b = 10.73 Å and
c = 16.28 Å in the tetragonal phase (1.1% and 1.7% larger
than the experimentally determined parameters of 10.61 Å
and 16.01 Å, respectively).4 The systems were then equili-
brated during 50 ps in the canonical (NVT) ensemble at 450 K
(cubic phase) and 300 K (tetragonal phase) using Langevin
dynamics runs with a 1 ps−1 damping coefficient. After the
equilibration step, a total of ten 200 ps trajectories in the mi-
crocanonical (NVE) ensemble were obtained for each system.
The equations of motion were integrated with the velocity
Verlet algorithm20 with a 0.5 fs time step. The short-range
interactions were cut off at half the box length, whereas elec-
trostatic interactions were computed within the particle mesh
Ewald method.21 Total energy conservation was achieved to
better than 0.1% deviation.
III. RESULTS AND DISCUSSIONS
A. Cubic phase
Our MD simulations confirm the rotor-stator behavior ex-
pected for the C70-cubane cubic phase. The simulations read-
ily show that cubanes exhibit only librational movements (i.e.,
small amplitude hindered rotational motions) and, therefore,
each atom in cubane oscillates around well-defined equilib-
rium positions. The C70 molecules rotate around their longest
molecular axes (i.e., the C5 axis), which rapidly change their
orientations. As a result, each carbon atom spans a wide range
of positions. Not unexpectedly, no translational motions other
than small amplitude vibrations of either fullerene or cubane
molecules were observed. This behavior can be seen in Movie
1 (see supplementary material19) and is illustrated in Fig. 1,
where the positions visited by one atom in cubane and one
atom in fullerene during a simulation run are shown. Sim-
ilar results were obtained previously for the cubic phase of
C60-cubane crystal.13 Moreover, the set of positions visited by
one of the cubane carbon atoms (Fig. 1) is more widespread
than in the case of C60-cubane simulations. In order to prove
that the cubanes in fact did not tumble, we have computed
the distribution of the average angle, θ , between the vector
connecting the cubane center of mass and one of its carbon
atoms and that same vector during the course of the simula-
tion (see supplementary material).19 Although lower values of
cos (θ ) do appear in the distribution, the main peak is located
at cos (θ ) = 1, which proves that cubanes usually deviate very
little from their original orientation, i.e., they present libra-
tional motions.
To characterize the changes in the orientation of the C5
axis, we have computed the angle between the C5 axis and
the c direction. Although the C5 axis may be oriented in any
direction, it preferably forms an angle of either 15 ◦ or 90 ◦
with the c direction (Fig. 2).
We have also computed the second-rank single-particle
time correlation function (C(τ )) for C70 and cubane molecules
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FIG. 1. Mapping of the positions (small blue spheres) visited by one carbon
atom of C70 and cubane during one simulation run in the cubic phase. The
initial structures are shown for comparison.
to obtain insights about the rotational dynamics of the system.
C(τ ) is defined as22




〈P2[un(t0 + τ ) · un(t0)]〉t0 , (4)
where N is the number of molecules considered in the calcu-
lations, P2(x) = (3x2 − 1)/2 is the Legendre polynomial of
rank 2, and un(t) is the body-fixed unitary vector at time t for
which the correlation function is calculated. The average was
computed over all molecules and various time origins, t0.
Because of its symmetry properties, C70 has five types
of distinguishable carbon atoms (Fig. 3). We have calcu-
lated C(τ ) functions for five unitary vectors pointing from the



















FIG. 2. Distribution of the angle between the C70 C5 axis and the c direction
of the crystallographic unit cell in the cubic phase.
molecule’s center to each type of carbon atom of C70 sepa-
rately and also for a cubane-fixed unit vector connecting the
center to a carbon atom. It is important to consider all the in-
equivalent carbon atoms separately (and not simply the total
correlation function) because this way one may gain further
insight into the reorientational dynamics of the fullerenes. In
addition, nuclear magnetic resonance (NMR) spectra, which
are important to validate some of our results, would consist
of different signals for each carbon type. Similar to the MD
results for the C60-cubane crystal,13 the cubane C(τ ) function
exhibits rapid oscillations at short times and decays very little
at long times, in accordance to the fast vibrational motion of
these molecules and absence of tumbling within the simulated
times (Fig. 4). In contrast, the C(τ ) functions for C70 decay to
zero, indicating that the fullerenes completely reorient them-
selves during the simulations.
The rotational relaxation of C70 fullerenes may be di-
vided into three different regimes according to the time scale
one is looking at: inertial or “free” rotation at very short
FIG. 3. C70 structure with the five types of carbon (A, B, C, D, and E) high-
lighted. The fivefold molecular axis is also shown.
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FIG. 4. Second-rank angle-particle time correlation function C(τ ) for cubane
and all the carbon types in C70 in the cubic phase.
times (τ  1 ps), librational motions at intermediate times
(1  τ  10 ps) and rotational diffusion at long times. In other
words, the reorientational relaxation of C70 at the shortest
time scales is characterized by inertial rotational dynamics,
which involve ballistic motions of small amplitude that soon
become hindered due to the restoring forces stemming from
van der Waals interactions with the other molecules in the
crystal (mainly the neighboring cubanes). The ballistic relax-
ation ends with the onset of the librational regime which ex-
tends up to 10 ps or so. Only at longer times the rotational
diffusion regime is achieved. At intermediate times, a C70
fullerene rotates around the C5 axis, and this axis oscillates a
few times around a relatively well-defined equilibrium direc-
tion before changing its orientation. This characteristic C70
librational motion is responsible for the small oscillation of
the fullerene C(τ ) function corresponding to C5 and carbon
A directions (Fig. 4). This oscillation is observed only in the
C(τ ) function referring to the carbon atoms closer to the C5
axis and is imperceptible in the functions related to the other
carbon types (B, C, D, and E). Furthermore, at long times the
motion of each atom in C70 may be described as a random mo-
tion of a point in a sphere, i.e., a rotational diffusion related
to an exponential decay in the C(τ ) functions.23 These results
corroborate a simplified physical picture that essentially por-
trays C70 as an elongated spheroid capable of rotating around
its major axis (C5) which, in turn, undergoes precessional and
nutational motions: the closer one is to the pole, the slower is
one’s reorientation. This is the underlying reason for the ob-
served differences between carbon A and the other carbons.
These effects are even more prominent in the tetragonal phase,
as we shall see further below.
We have fitted the C(τ ) curves with single exponential
functions at long times to determine the characteristic reori-
entation relaxation times (τ 2) regarding each type of unit vec-
tor in the C70 molecule. We have found τ 2 values ranging
from 11 to 27 ps (Table I). Carbon C behaves similarly to
the atoms in C60 (whose calculated reorientation relaxation
time at 400 K is about 13 ps)13 whereas the other C70 carbon
types have reorientation relaxation times about twice as big
as the one related to C60 in a similar temperature. Moreover,
we have computed the time integral of C(τ ) for each carbon
TABLE I. Characteristic reorientation relaxation times (τ 2), overall relax-
ation times (τ J), and frequencies (ν̃) of the rotational spectra calculated for
fullerene molecules in C70-cubane cubic crystals.
Carbon τ 2 (ps) τ J (ps) ν̃ (cm−1)
Total ... ... 4.40
A 27 13 4.80
B 23 7 4.75
C 11 4 4.60
D 21 5 4.33
E 24 6 4.23
type in C70. The resulting quantities correspond to the overall
relaxation times (τ J), which may be obtained through NMR
experiments at extremely narrowing conditions. The τ J val-
ues calculated from our simulations (Table I) are close to the
τ J value for C60 at 400 K obtained from previous simulations
(9 ps),13 which means that the time involved in the process of
reorientational relaxation of the fullerenes is similar in both
crystals.
The C(τ ) functions are also important because their
Fourier transforms provide frequency spectra related to the ro-
tational motions of the molecules in the system, which could
be measured with Raman or light-scattering experiments. The
Fourier transforms of the fullerene C(τ ) functions depicted
in Fig. 5 show a band at 4.5 cm−1 regarding the overall
rotational spectrum of the C70, and individual spectra con-
sisting of one band between 4.2 and 4.8 cm−1 (Fig. 5(a)).
The observed frequencies decrease from carbon A through E
(Table I). To explain the origin of such bands, we have cal-
culated the Fourier transforms of the C(τ ) for an unit vector
in the direction of the fivefold axis, so that we could evalu-
ate the effect of the reorientation of the C5 axis on the C70
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FIG. 5. (a) Frequency spectra obtained through the cosine Fourier transform
of the C(τ ) functions calculated for each C70 carbon type in the cubic phase.
The overall spectrum is also depicted. (b) Auxiliary spectra regarding the
reorientation of the C5 axis (black curve), and the motion of carbons A–D
(red curve) and E after aligning the fivefold axis with the c direction.
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rotational spectrum. Furthermore, to determine the contribu-
tion of the rotation of the fullerene molecules around the C5
axis in the final spectrum, we have calculated C(τ ) functions
for each C70 carbon type after aligning the fivefold axis with
the c direction of the unit cell. The analysis of the auxiliary
spectra (Fig. 5(b)) shows that the motion of the fivefold axis
and the rotation of carbon atoms of the type E around that
axis are responsible for the bands depicted in Fig. 5(a). The
other carbon atoms spinning about the C5 axis yield two bands
around 2.7 and 12 cm−1, which are about ten times weaker
than the rotational spectrum and, therefore, do not contribute
significantly to the total spectrum.
We have considered so far only the molecular reorien-
tational motions, without explicitly separating out the in-
ternal vibrations of fullerenes and cubanes. To determine
whether the lattice phonons are coupled to the libration of
C70 molecules in our simulations (i.e., whether the internal
vibrations are able to influence the librational motions of
the molecules in the system), we have computed the Fourier
transform of the normalized time correlation function, Cv(τ ),
of the linear velocity of the fullerenes center of mass, defined
as




〈vcm(t0 + τ ) · vcm(t0)〉t0 , (5)
where vcm(t) is the velocity of the C70 center of mass. Again,
the average was calculated over all molecules and different
time origins t0.
The resulting spectrum shows a broad band in the
2–17 cm−1 region, a stronger band at 30 cm−1, and a very
weak band around 80 cm−1 (Fig. 6). Since there are libra-
tional and lattice vibrational modes in the same frequency
range (4–5 cm−1), such motions must be coupled. Therefore,
like in the simulations of C60-cubane crystals,13 the influence
of lattice phonons in the rotational spectrum of the fullerenes
is important and may not be disregarded. However, the spec-
trum obtained for the present system consists of only three
bands concentrated mainly at lower frequencies, whereas the
spectrum calculated for C60-cubane crystals possesses several
bands more equally distributed. It is likely that such difference
0 50 100 150












FIG. 6. Fourier transform of the Cv(τ ) function for the cubic phase.
is caused by the lowering of the symmetry in the C70-cubane
crystal.
We have taken a subsystem consisting of only one
fullerene and its six (fixed) neighboring cubanes and com-
puted the potential energy map as functions of the rotational
angles of C70 molecule in the crystal. In these calculations,
we span the fullerene molecule according to the Euler angles
(φ, θ , ψ) in the x-convention:24 the molecule is first rotated
by an angle φ (0 ≤ φ < 2π ) around the z-axis, then it is ro-
tated by an angle θ (0 ≤ θ < π ) around the resulting x-axis
and, finally, there is one last rotation by an angle ψ (0 ≤ ψ
< 2π ) around the resulting z-axis. For each orientation of the
fullerene, the potential energy of the system was calculated
through a few MD steps. The three-dimensional energy maps
obtained for different values of φ show a few energy barriers
of about 6 kcal mol−1 (Fig. 7). With the exception of the one
at φ = 0 ◦ and 120 ◦  θ  150 ◦, these barriers may be eas-
ily circumvented through low energy neighboring paths. For
comparison, 6 kcal mol−1 is only twice as large as the tor-
sional barrier for the C–C bond in ethane (2.9 kcal mol−1)25
and 15 times smaller than the C–C bond enthalpy in C2H6
(90 kcal mol−1),26 but 10 times larger than the average ther-
mal energy at room temperature. Therefore, the energy land-
scape associated to the rotation of a fullerene molecule in
a C70-cubane cubic crystal is such that full tumbling of the
fullerenes can be readily materialized at the temperature range
in which this phase exists by performing partial rotations
around one axis followed by rotations around another axis
and so on. In order to gain reassurance that these consider-
ations are not too specific to the force field we have used, we
calculated the potential energy maps using the well-known
optimized potentials for liquid simulations all-atom (OPLS-
AA) force field parameters.27 The resulting maps, available
as supplementary material,19 are very similar to the ones ob-
tained with CHARMM parameters.18 The main difference is
the lowering of the maximum energy barriers from 6 to 4
kcal mol−1, which is still considerably higher than the thermal
energy at 400 K (∼0.8 kcal mol−1). This indicates that both
force fields should yield very similar dynamics, with OPLS-
AA being expected to yield somewhat faster reorientational
relaxation rates.
B. Tetragonal phase
In the tetragonal phase, our simulations show that the
cubane molecules also remain basically fixed (i.e., they only
librate around the equilibrium positions), whereas the rota-
tion of C70 fullerenes becomes quite hindered. These motions
can be seen through the positions obtained from one atom of
each molecule (C70 and cubane) in the course of one MD
simulation, as shown in Fig. 8 and Movie 2 (supplementary
material).19 Again, no diffusive translational motions were
observed during the course of the simulations. The deviation
of the cubanes from their original orientations was character-
ized by one intense peak at cos (θ ) = 1 (see supplementary
material), which is completely consistent with the librational
motions we have observed. By contrast to the cubic phase, the
C70 highlighted carbon atom has only visited a limited region
of the available space (Fig. 8). This is because the crystal in
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FIG. 7. Rotational potential map for one C70 molecule surrounded by six cubane molecules in the cubic phase for φ = 0 (upper left), φ = 30 ◦ (upper right), φ
= 90 ◦ (lower left), and φ = 150 ◦ (lower right).
the tetragonal phase is more closely packed in the xy plane
and, therefore, there is not enough room for the fullerenes to
completely tumble. Hence, C70 molecules are still able to ro-
tate around the C5 axes, but these, in turn, are restricted to
precess about the z direction with a relatively small angle.
The distribution of the angles between the C5 axis and the z
direction in the tetragonal phase shows that the most probable
value for this angle is around 9 ◦ (Fig. 9). This corresponds to
a full opening angle of about 18 ◦ which is approximately half
of the experimentally measured value of 40 ◦.4
The cubane C(τ ) function for the tetragonal phase
presents the same features observed in the cubic phase: it ex-
hibits rapid oscillations and practically does not decay at long
times (Fig. 10). By contrast, the fullerene C(τ ) functions are
quite different from their cubic phase counterparts. All atoms
in C70 undergo inertial rotations at very short times, but now
the oscillations in C(τ ) at intermediate times (3  τ  16 ps),
characteristic of the librational motions of the molecule, are
present in all functions, albeit more pronounced in the carbon
A curve. Another important difference is the fact that, at long
times, only the C(τ ) associated to carbon C decays to zero,
i.e., only carbon C achieves a rotational diffusion regime. A
monoexponential fit to carbon C C(τ ) provides τ 2 = 82 ps
and the integration of this curve gives τ J = 10 ps. Both τ 2
and τ J are larger in the tetragonal phase, which implies that
the reorientational relaxation of the corresponding unit vector
has become slower. The C(τ ) functions regarding the other
carbon types reach asymptotic behavior at nonzero values of
C(τ ), i.e., no complete reorientation for these unit vectors is
observed within the present simulation time. The decay expe-
rienced by the C(τ ) function, which is quite small for carbon
A, increases from carbon B to carbon C, and then it decreases
again for carbons D and E. This observation provides the or-
der of the rotational relaxation degree achieved by each car-
bon type (unit vector).
We have also computed the Fourier transforms of the
C(τ ) functions for all five unit vectors to obtain their rota-
tional spectra. The long time asymptotic values of the C(τ )
functions for carbon atoms A, B, D, and E were subtracted
from the respective time correlation functions (and further
normalized) before calculating the Fourier transforms. The
resulting spectrum, presented in Fig. 11(a), exhibits bands at
2.9 cm−1 and 5.8 cm−1 (with the bands from their individual
spectra in the ranges of 1.7–3.1 cm−1 and 5.8–6.0 cm−1), as
listed in Table II. From carbon A through E, both the position
and the intensity of the first band increase, whereas the inten-
sity of the second band tends to decrease (the band relative to
carbon E is the only exception). To explain the origin of these
bands, auxiliary functions, completely analogous to the ones
described above for the cubic phase, were calculated and their
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FIG. 8. Mapping of the positions (small blue spheres) visited by one carbon
atom of C70 (carbon A) and cubane during one simulation run in the tetrago-
nal phase. The initial structures are shown for comparison.
FIG. 9. Distribution of the angle between the C70 C5 axis and the c direction
of the crystallographic unit cell in the tetragonal phase.
TABLE II. Frequencies (ν̃) of the rotational spectra calculated for fullerene








FIG. 10. Second-rank angle-particle time correlation function C(τ ) for
cubane and all the carbon types in C70 in the tetragonal phase.
FIG. 11. (a) Frequency spectra obtained through the cosine Fourier trans-
form of the C(τ ) functions calculated for each C70 carbon type in the tetrago-
nal phase. The overall spectrum is also depicted. (b) Auxiliary spectra regard-
ing the reorientation of the C5 axis (black curve), and the motion of carbons
A–D (red curve) and E after aligning the fivefold axis with the c direction.
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FIG. 12. Fourier transform of the Cv(τ ) function for the tetragonal phase.
Fourier transforms are depicted in Fig. 11(b). The auxiliary
spectra show that the band at 2.9 cm−1 is related exclusively
to the rotation of the fullerenes around the C5 axis, whereas
the band at 5.8 cm−1 is attributed to both the rotation of the
C70 around the long molecular axis and the precession of this
axis about the c direction of the unit cell.
To evaluate the influence of phonons in the rotational
dynamics of C70 fullerenes in the tetragonal phase of the
crystal, we have calculated the normalized center of mass ve-
locity time correlation function Cv(τ ) and its Fourier trans-
form. The resulting spectrum consists of small bands at
2.1, 5.5, 9.8, 17.4, and 94 cm−1 and one intense band at
30.8 cm−1 with a shoulder at 35.7 cm−1 (Fig. 12). The
existence of bands in the region between 2 and 6 cm−1
clearly shows that the coupling of the internal molecular
vibrations and the libration of the fullerenes occurs, simi-
larly to the cubic phases of C60-cubane13 and C70-cubane
crystals.
Finally, we have computed the potential energy map for
the rotation of one C70 molecule surrounded by its six neigh-
boring cubanes in a tetragonal lattice. The three-dimensional
energy landscape maps exhibit one energy barrier covering
all possible ψ angles and reaching about 40 kcal mol−1
(Fig. 13). This energy is almost 7 times larger than the high-
est peaks found in the cubic phase (Fig. 7). But most im-
portant, however, is that the high energy barrier forms a
ridge across the landscape that isolates the energy basins at
θ ≈ 0 and θ ≈ 180 ◦. In the calculations performed with
the OPLS-AA27 force field (see supplementary material),19
the same energy barriers are observed, albeit a little lower
(around 30 kcal mol−1). Such high energy ridge barrier pre-
vents the free rotation of the fullerenes in the crystal, in
agreement with the hindered rotational motions observed
experimentally.
FIG. 13. Rotational potential map for one C70 molecule surrounded by six cubane molecules in the tetragonal phase for φ = 0 (upper left), φ = 30 ◦ (upper
right), φ = 90 ◦ (lower left), and φ = 150 ◦ (lower right).
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IV. SUMMARY AND CONCLUSIONS
We have performed molecular dynamics simulations to
study the rotational motions of C70 and cubane molecules in
a C70-cubane crystal. Our simulations confirmed the rotor-
stator character of this system at the simulated temperatures
of 450 K (cubic phase) and 300 K (tetragonal phase), i.e., C70
molecules rotate while cubane molecules present only ther-
mal motions, thus acting as molecular bearings. The motion
of fullerenes features three different characteristics: free rota-
tion at very short times, libration at intermediate times, and
rotational diffusion at long times.
In the cubic phase, the preferential angles between the
C70 fivefold axis and the c direction of the unit cell are
15 ◦ and 90 ◦. The relatively large barriers (6 kcal mol−1)
that are spread across the rotational energy landscape in-
volved in the rotation of the fullerene are easily bypassed
by performing partial rotations about different axis. That
is, C70 can experience full rotations in the cubic phase by
contouring the rotational energy barriers. The C70 reorien-
tational motions are characterized by a band at 4.5 cm−1
and the overall relaxation times (τ J) for C70 fullerenes are
close to the value calculated at 400 K for C60 in C60-cubane
crystals13 which suggests that time involved in the reorienta-
tional relaxation process must be close to each other in both
systems.
In the tetragonal phase, the motion of C70 molecules be-
comes hindered, with the fullerene molecules rotating around
their longest molecular axes (C5), which in turn precess about
the c direction with a full opening angle of 18 ◦. No tum-
bling of fullerenes occurs in this phase. This is a consequence
of the high energy barriers (40 kcal mol−1), which form a
ridge across the energy landscape associated to the rotation of
fullerenes in the tetragonal phase. The reorientational relax-
ation of the fullerene is much slower, and, within the present
simulation time, only carbons more distant of the center of
C70 reached the rotational diffusion regime with an overall
relaxation time of 10 ps. The rotation of the C70 molecules
around their longest molecular axes is responsible for the
bands at 2.9 and 5.8 cm−1 in the rotational spectrum. The
band around 5.8 cm−1 is also associated to the precession
of the fullerenes about the c direction. Although the calcu-
lated full opening angle of precession in the tetragonal phase
was only half of the experimentally measured value, our sim-
ulations were able to correctly reproduce the main dynamical
characteristics of the C70-cubane crystals and to provide de-
tails related to the mechanisms of the rotational dynamics of
those crystals.
To the best of our knowledge, there are no experimen-
tal results in the literature regarding the quantitative aspects
of the C70 reorientation in C70-cubane crystals (with the ex-
ception of the full opening angle determinations). However,
characteristic relaxation times could be obtained by depolar-
ized light scattering, optical Kerr effect or NMR spectroscopy,
whereas the C70 rotational spectra may be measured through
Raman scattering. The outcome of such experiments could be
directly compared to the results presented in this work.
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